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Abstract
There is recent evidence that the perfusion of the choroid changes during dark–light transitions. We set out to investigate this
response in more detail and to elucidate possible mechanisms involved in this process. For this purpose, the effect of dark–light
transitions on choroidal perfusion was studied in healthy subjects. Choroidal blood flow and ocular fundus pulsation amplitude
were measured as indices of choroidal perfusion during dark–light transitions using laser Doppler flowmetry and laser
interferometry, respectively. In the first experiment, subjects were first kept in room light for 20 min, then light conditions were
changed to darkness for 20 min, and thereafter, subjects were exposed to room light again. Both choroidal parameters decreased
(−12% to −14%) during darkness but returned to baseline after the final room light period. In the second experiment, the index
eye underwent the same procedure, whereas the contralateral eye was kept in light throughout the experiment. Choroidal
haemodynamic parameters in the index eye reacted in a way comparable to that seen in the first experiment. The eye that was kept
in light also reacted, but the effect tended to be less pronounced than that seen in the index eye (−8% to −10%). The
observation that choroidal blood flow in both eyes reacts during unilateral light–dark transitions indicates that choroidal
perfusion rate is adapted to retinal illumination conditions by neural control mechanisms. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction
The human choroid has the highest perfusion rate/g
tissue of all vascular beds within the human body.
There is a long-standing discussion about whether this
high blood flow level is required for the temperature
control of the retina or for nutrition of the outer retinal
layers. The latter theory was recently supported by a
diffusion model indicating that the high choroidal flow
rate is necessary for adequate nutrition of the photore-
ceptors (Linsenmeier & Padnick-Silver, 2000). The hy-
pothesis that the choroid adapts its perfusion to the
light level with which the fundus is illuminated to
control for retinal temperature is mainly based on
indirect evidence using temperature measurements of
the retina-choroid or the conjunctiva (Parver, Auker, &
Carpenter, 1980; Parver, 1991; Parver, Auker, Carpen-
ter, & Doyle, 1982). Other investigators, however,
failed to detect an effect of light exposure on choroidal
blood flow in a variety of species (Bill & Sperber, 1990;
Morimoto, 1991; Wang, Kondo, & Bill, 1997; Longo,
Geiser, & Riva, 2000). Recently, it was reported that a
transition from room light to darkness results in a
decrease in choroidal blood flow due to an unknown
mechanism (Longo et al., 2000).
We set out to investigate this response in more detail
and to elucidate possible mechanisms involved in this
process. Moreover, we used two independent methods
for the assessment of choroidal perfusion, because none
of the currently available techniques can be regarded as
a gold standard (Kiel, 1994).
* Corresponding author. Tel.: +43-1-40400-2981; fax +43-1-
40400-2998.
E-mail address: leopold.schmetterer@univie.ac.at (L. Schmetterer).
0042-6989/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
PII: S00 4 2 -6989 (01 )00171 -7
G. Fuchsja¨ger-Mayrl et al. / Vision Research 41 (2001) 2919–29242920
2. Materials and methods
2.1. Subjects
All subjects who participated in the studies outlined
in detail below gave written informed consent to partic-
ipate. All procedures followed the tenets laid out in the
Declaration of Helsinki. Each subject passed a screen-
ing examination that included medical history, physical
examination and blood pressure measurement. Patients
with systemic hypertension (defined as systolic blood
pressure 150 mmHg and/or diastolic blood pressure
90 mmHg) were excluded. Furthermore, an oph-
thalmic examination, including slit lamp biomicroscopy
and indirect funduscopy, was performed. Inclusion
criteria were normal ophthalmic findings and a refrac-
tive error of less than 3 dioptres in either eye.
2.2. Study designs
A time schedule of all experiments is given in Fig. 1.
All experiments were done twice on separate study
days. On one occasion, choroidal blood flow was mea-
sured with laser Doppler flowmetry; on the second
occasion, ocular fundus pulsation amplitude was mea-
sured with laser interferometry.
2.2.1. Experiment 1
Twelve subjects’ right eyes were studied in these
experiments. Studies were started when stable haemo-
dynamic conditions were reached, which was ensured
by repeated blood pressure measurements. Subjects
were in room light for 20 min. The room light consisted
of neon lamp illumination with a radiance of approxi-
mately 115 W/cm2/steradiant. At the end of this 20
min period, baseline measurements of choroidal haemo-
dynamic parameters were done. Thereafter, the room
light was turned off for 20 min. During this period of
darkness, the radiance was below 0.5 W/cm2/steradi-
ant. In addition, an ocular dressing was applied on
both eyes. Care was taken that the eyeballs were not
compressed during this procedure. These ocular dress-
ing were only removed for measurements when the
room light was turned off. At the end of this 20 min
period in darkness, ocular haemodynamic parameters
were assessed again. Finally, the light was turned on,
and subjects were measured after 10 min.
2.2.2. Experiment 2
Twelve subjects were studied in these experiments.
The procedure for the index eye was the same as that
described in Experiment 1. The other eye was kept in
light throughout the experiments. The first measure-
ments were done after the room light had been switched
on for 20 min. Then, an ocular dressing was applied for
the index eye, but the room light was still on. After
another 20 min, the contralateral eye was measured
when the light was still on. Then, the room light was
switched off, the ocular dressing was removed, and the
index eye was measured. As soon as this measurement
was finished, the light was tuned on again, and both
eyes were finally measured after 10 min.
2.2.3. Experiment 3
Six subjects’ right eyes were studied in this control
experiment. Subjects remained in light throughout the
experiments, and choroidal haemodynamic parameters
were measured three times. The time schedule followed
experiments 1 and 2.
2.3. Methods
2.3.1. Blood pressure and pulse rate
Systolic, diastolic and mean blood pressures (SBP,
DBP, MAP) were measured on the upper arm by an
automated oscillometric device (HP-CMS patient moni-
tor, Hewlett Packard, Palo Alto, CA). Pulse rate (PR)
was automatically recorded from a finger pulse-oxymet-
ric device (HP-CMS patient monitor).
2.3.2. Laser Doppler flowmetry
Subfoveal choroidal blood flow was assessed by laser
Doppler flowmetry (Riva, Cranstoun, Grunwald, &
Petrig, 1994). In this technique, the vascularized tissue
is illuminated by coherent laser light. Light scattered by
the moving red blood cells (RBCs) undergoes a fre-
quency shift. In contrast, static tissue scatterers do not
change the light frequency but lead to randomisation of
light directions impinging on RBCs. Hence, RBCs re-
ceive light from numerous random directions. As the
frequency shift is dependent not only on the velocity of
the moving RBC but also on the angle between the
wave vectors of the incident and the scattered light,
Fig. 1. Time schedule of the experiments. Vertical arrows indicate the
time points at which choroidal blood flow and fundus pulsation
amplitude were measured with laser Doppler flowmetry and laser
interferometry, respectively.
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Table 1
Systemic blood pressure and pulse rate during the dark–light transi-
tion experiments
40 min 50 min20 min
Experiment 1 (n=12)a
Day of fundus pulsation measurement
816795 834Mean arterial pressure (mm Hg)
628Pulse rate (beats/min) 6510 619
Day of laser Doppler flowmetry
726765 787Mean arterial pressure (mm Hg)
6211 6810Pulse rate (beats/min) 659
Experiment 2 (n=12)a
Day of fundus pulsation measurement
757Mean arterial pressure (mm Hg) 795 814
609Pulse rate (beats/min) 6210 609
Day of laser Doppler flowmetry
746Mean arterial pressure (mm Hg) 766736
636 649658Pulse rate (beats/min)
Experiment 3 (n=12)a
Day of fundus pulsation measurement
786Mean arterial pressure (mm Hg) 795 815
679656 6410Pulse rate (beats/min)
Day of laser Doppler flowmetry
763754 775Mean arterial pressure (mm Hg)
639Pulse rate (beats/min) 6110 609
Data are presented as meansS.D.
a For details on experimental conditions, see Fig. 1.
The light from the front side of the cornea serves as a
reference wave. Due to the high coherence length of the
laser light, the interferences produced by the two waves
can be observed. This permits calculation of the relative
distance changes between cornea and retina during the
cardiac cycle. These distance changes are in the order of
several micrometers and are caused by the rhythmic
filling of ocular vessels during systole and diastole. The
distance between cornea and retina decreases during
systole, because the blood volume entering the eye via
the arteries exceeds the blood volume leaving the eye
via the veins and increases during diastole. The maxi-
mum distance change between the cornea and fundus
during the cardiac cycle is called fundus pulsation
amplitude (FPA), yielding information on the pulsatile
component of ocular blood flow (Schmetterer et al.,
1998).
2.4. Data analysis
All responses in choroidal haemodynamic parameters
during light–dark transitions were expressed as the
percentage change from baseline values. The effect of
the experimental conditions on the outcome parameters
was assessed with paired t-tests and repeated measure
ANOVA. All statistical analyses were done using the
Statistica® software package (Release 4.5, StatSoft Inc.,
Tulsa, OK). Data are presented as meansS.D. A
two-tailed P0.05 was considered the level of
significance.
3. Results
3.1. Experiment 1
The dark– light conditions had no consistent effect
on systemic blood pressure or pulse rate (Table 1). Fig.
2 shows the effect of the dark– light transition on
choroidal FLOW and FPA. Both parameters signifi-
cantly decreased during transition from the light to the
dark. This effect was slightly more pronounced for
FPA (−148%; P0.001) than for FLOW (−12
8%; P=0.009). After 10 min in room light, both
parameters returned to baseline with non-significant
deviations from baseline (FLOW: −25%; FPA: 1
7%).
3.2. Experiment 2
Again, experimental conditions did not affect sys-
temic blood pressure or pulse rate (Table 1). Effects of
light–dark transitions on FLOW and FPA in the index
eye were comparable to those in experiment 1 (Fig. 3).
A clear reduction in choroidal FLOW (−158%,
P=0.002) and FPA (−165%, P0.001) was ob-
scattering of the light in tissue broadens the Doppler
shift power spectrum. From this spectrum, the follow-
ing flow parameters are calculated (Bonner & Nossal,
1990): mean RBC velocity in Hz, blood volume and
blood flow (FLOW) in arbitrary units.
In the present study, a compact laser Doppler
flowmeter, which has been described in detail in a
previous paper, was used for the measurements of the
choroidal blood flow parameters (Geiser, Diermann, &
Riva, 1999; Geiser et al., 2000). The laser beam of a
single mode laser diode (785 nm, 90 W at the cornea)
is delivered to the eye via a confocal optical system.
The beam diameter at the fundus is nominally 12 m.
The light is collected by a bundle of six fibres with a
core diameter of 110 m, which are arranged on a circle
with a diameter of 180 m (indirect detection). All
measurements were performed in the fovea by asking
the subject to directly fixate at the beam, which ap-
peared as a small red dot.
2.3.3. Fundus pulsation measurement
Pulse synchronous pulsations of the ocular fundus
were recorded with a laser interferometric method
(Schmetterer, Lexer, Unfried, Sattmann, & Fercher,
1995). The method uses a single mode laser beam with
a wavelength of 780 nm for illumination of the subject’s
eye. The power of the laser beam is approximately 80
W at a beam diameter of 1 mm. The light is reflected
at the anterior surface of the cornea and at the fundus.
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served during darkness. Again, the effect on both
parameters was reversible after 10 min under room-
light conditions. Interestingly, choroidal blood flow
also decreased in the contralateral eye, which was kept
in light throughout the experiments. This effect tended
to be less pronounced than the effect in the index eye,
but was also significant (FLOW: −106%, P=0.008;
FPA: −85%, P=0.023). When the room was illu-
minated again, FLOW in the contralateral eye also
normalised.
3.3. Experiment 3
When both eyes were kept in light for 50 min, no
effect on systemic blood pressure and pulse rate (Table
1) or choroidal haemodynamic parameters was ob-
served. During this time, in control experiments, the
effects on choroidal FLOW and FPA were within 5%
(data not shown).
4. Discussion
The present study confirms a previous report that a
transition from light to dark is associated with a con-
siderable decrease in choroidal blood flow (Longo et
al., 2000). Moreover, our results show that if the con-
tralateral eye is kept in light, whereas the index eye
undergoes a light–dark transition, choroidal blood flow
in both eyes reacts with a more pronounced effect in
the index eye. These results clearly indicate that at least
part of the choroidal perfusion response during light–
dark transitions is caused by a neuronal mechanism.
This is compatible with a variety of previous data,
indicating that choroidal blood flow is under tight
neural control (Bill, Stjernschantz, & Alm, 1976; Stjern-
schantz, Alm, & Bill, 1976; Nilsson, Linder, & Bill,
1985; Zagvazdin, Fitzgerald, Sancesario, & Reiner,
1996; Kiel, 1999).
One might argue that the decrease in choroidal blood
flow during the transition from light to dark is due to
the change in oxygen consumption in the outer retina.
This is, however, unlikely since the effect of changes in
oxygen tension on choroidal blood flow is very small
(Schmetterer et al., 1996; Kergoat & Faucher, 1999;
Geiser et al., 2000). Moreover, increased retinal
metabolism during darkness would rather lead to an
increase in ocular perfusion. In addition, a change in
oxygen consumption of the photoreceptors would only
occur in the index eye and not in the contralateral eye.
Hence, a metabolic mechanism underlying choroidal
vasoconstriction during dark– light transition is
unlikely.
A previous study reported choroidal blood flow
changes in the contralateral eye when the index eye was
illuminated with strong constant light in pigeons
(Fitzgerald, Gamlin, Zagvazdin, & Reiner, 1996). In
this species, the nucleus of Edinger–Westphal and the
suprachiasmatic nucleus were identified as the sources
of neural input for the control of choroidal blood flow
in the contralateral eye. Moreover, the authors showed
that the effect on the contralateral eye was blocked with
lidocaine, again indicating a neural mechanism. These
data clearly hint towards a neural mechanism in the
present study, although previous studies in humans
failed to observe an effect of strong constant light on
choroidal perfusion (Longo et al., 2000).
Fig. 2. Time course of choroidal blood flow (FLOW) and fundus
pulsation amplitude (FPA) during dark– light transitions in experi-
ment 1. For details on experimental conditions, see Fig. 1. Data are
presented as meansS.D. (n=12).
Fig. 3. Time course of choroidal blood flow (FLOW) and fundus
pulsation amplitude (FPA) during dark– light transitions in experi-
ment 2. For details on experimental conditions, see Fig. 1. Data are
presented as meansS.D. (n=12).
G. Fuchsja¨ger-Mayrl et al. / Vision Research 41 (2001) 2919–2924 2923
An interesting effect on the contralateral eye was
also observed during an unilateral IOP increase using
a suction cup system (Kergoat & Lovasik, 1994).
Retinal responses as assessed with pattern ERG were
reduced during unilateral reduction in ocular perfu-
sion pressure in the index eye. However, an unex-
pected increase in retinal responses in the
contralateral eye, in which intraocular pressure was
not changed, was also observed. The authors pro-
posed a vascular mechanism underlying altered pat-
tern ERGs in the contralateral eye, but to the best of
our knowledge, this has not yet been confirmed.
In the present study, choroidal responses were
equally observed with both methods used for the as-
sessment of choroidal perfusion. We deemed this im-
portant, because both methods have considerable
limitations. With laser Doppler flowmetry, the depth
from which the signal arises within the choriocapil-
laris is unknown. A laser Doppler flowmetry study in
the optic nerve head indicates that only the very su-
perficial layers contribute to the signal (Petrig, Riva,
& Hayreh, 1999), but this study may have consider-
able limitations (Luksch et al., 2000). Moreover, it is
unclear whether the scattering theory of light in tissue
(Bonner & Nossal, 1990), which forms the basis of
laser Doppler flowmetry, can be applied in the
choroid. This model assumes that multiple scattering
within tissue leads to a complete randomisation in the
direction of the wave vectors of the incident and the
scattered beam. Data showing that this holds true for
the specific angioarchitecture of the human choriocap-
illaris are lacking. With laser interferometric measure-
ment of fundus pulsation, only the pulsatile
component of blood flow is assessed. There is, how-
ever, evidence from a variety of previous studies that
the FPA can be taken as a valid and reproducible
relative measure of pulsatile choroidal blood flow
(Schmetterer & Wolzt, 1998; Schmetterer et al., 1998;
Schmetterer, Dallinger, Findl, Eichler, & Wolzt,
2000). Any change in flow pulsatility may affect FPA
with no concomitant change in blood flow. Our pre-
vious data indicate that as long as changes in sys-
temic blood pressure profile are small, a high degree
of association can be observed between indices of
choroidal perfusion, as assessed with laser Doppler
flowmetry or laser interferometric measurement of
fundus pulsation (Luksch et al., 2000; Kiss et al.,
2001).
In conclusion, the data of the present study show
that a dark– light transition in one eye leads to a
reversible decrease in choroidal blood flow in both
eyes. This clearly indicates that the choroidal blood
flow is under neural control in humans. Further stud-
ies using pharmacological interventions are required
to confirm this hypothesis.
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